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Abstract
Glucagon-like peptide-1 (GLP-1) receptor agonists are established pharmaceutical therapies for the treatment of type 2 
diabetes and obesity. They mimic the action of GLP-1 to reduce glucose levels through stimulation of insulin secretion and 
inhibition of glucagon secretion. They also reduce body weight by inducing satiety through central actions. The GLP-1 recep-
tor agonists used clinically are based on exendin-4 and native GLP-1 and are available as formulations for daily or weekly 
s.c. or oral administration. GLP-1 receptor agonism is also achieved by inhibitors of dipeptidyl peptidase-4 (DPP-4), which 
prevent the inactivation of GLP-1 and glucose-dependent insulinotropic polypeptide (GIP), thereby prolonging their raised 
levels after meal ingestion. Other developments in GLP-1 receptor agonism include the formation of small orally available 
agonists and compounds with the potential to pharmaceutically stimulate GLP-1 secretion from the gut. In addition, GLP-1/
glucagon and GLP-1/GIP dual receptor agonists and GLP-1/GIP/glucagon triple receptor agonists have shown the potential 
to reduce blood glucose levels and body weight through their effects on islets and peripheral tissues, improving beta cell 
function and stimulating energy expenditure. This review summarises developments in gut hormone-based therapies and 
presents the future outlook for their use in type 2 diabetes and obesity.
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Abbreviations
DPP-4  Dipeptidyl peptidase-4
EMA  European Medicines Agency
EPAC  Exchange protein directly activated by cAMP
FDA  Food and Drug Administration
FGF21  Fibroblast growth factor 21
GIP  Glucose-dependent insulinotropic polypeptide
GLP-1  Glucagon-like peptide-1
PKA  Protein kinase A
SGLT-2  Sodium–glucose cotransporter 2

Introduction

Professor Ernest Starling proposed the idea of using a gut 
hormone for the treatment of diabetes in London in the early 
1900s and this idea was first tested by administering gut 
extracts to individuals with the disease [1]. However, this 
attempt failed and this approach did not prove successful 
until the introduction of the incretin hormone glucagon-
like peptide-1 (GLP-1) as the basis for glucose-lowering 
therapeutics in type 2 diabetes. GLP-1-based therapy was 
developed in the 1990s and treatment with daily injectable 
GLP-1 receptor agonists and oral dipeptidyl peptidase-4 
(DPP-4) inhibitors was introduced in the 2000s [2]. New 
formulations of GLP-1 receptor agonists with weekly inject-
able or oral administration were introduced in the 2010s 
[3]. More recently, novel formulations of double and triple 
gut hormone receptor agonists (involving glucose-dependent 
insulinotropic polypeptide [GIP] and glucagon) have been 
successfully developed [4], and other hormones, such as oes-
trogens and thyroid hormones, have also shown potential 
for use as therapies for the treatment of diabetes. Figure 1 
illustrates schematically the formulations that have entered 
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clinical development today. This review summarises the 
development of gut hormones as a successful therapy in type 
2 diabetes and presents the outlook for the future.

Glucagon‑like peptide‑1

GLP-1 is a 30 amino acid peptide that is produced by 
and released from intestinal L cells after meal inges-
tion and which in turn stimulates insulin secretion [5]. 
The pharmacological effects of GLP-1-based therapy 
are achieved by activating the GLP-1 receptor, which is 
a class B, G protein-coupled receptor with 463 amino 
acids. The receptor is a glycoprotein with an N-terminal 
extracellular signal peptide and, like all G protein-cou-
pled receptors, a seven-transmembrane helix domain [6]. 
As recently reviewed in detail [5], activation of GLP-1 
receptors leads to the formation of cAMP from ATP. 
The rise in cAMP leads, in turn, to activation of protein 
kinase A (PKA) and enhanced signalling via exchange 
proteins directly activated by cAMP (EPACs), in par-
ticular EPAC2. The increase in PKA activity also leads 
to closure of ATP-sensitive potassium channels, which 
in turn causes depolarisation of the cell membrane and 
opening of voltage-dependent calcium channels, resulting 
in uptake of calcium and stimulation of the exocytosis of 
secretory granules and thus secretion of insulin. Further-
more, the activation of EPAC2 stimulates the release of 
calcium from the endoplasmic reticulum, which raises 
intracellular calcium levels and promotes exocytosis. 
GLP-1 receptor activation also inhibits beta cell apopto-
sis. Other effects of activation of GLP-1 receptors include 

inhibition of glucagon secretion combined with inhibition 
of gastric emptying, suppression of appetite and cardio-
protective effects [5]. Whether GLP-1 increases energy 
expenditure has also been examined. However, although 
there are indications that this is the case in animal mod-
els, through the regulation of brown adipose tissue activ-
ity, particularly in diet-induced obese mice [7], there is no 
convincing evidence that this occurs in humans [5]. Over-
all, therefore, the main effects of GLP-1 are a reduction 
of fasting and postprandial blood glucose levels, lowering 
of body weight and protection from CVD, which are all 
therapeutic targets in type 2 diabetes (Fig. 2).

A challenge during the early development of GLP-1-
based therapy was its short half-life in the circulation 
(approximately 2 min after i.v. administration and 1.5 h 
after s.c. administration) [8]. Therefore, the initial dem-
onstrations of a glucose-lowering effect of GLP-1 used 
continuous i.v. or s.c. infusions [9, 10]. To harness the 
promising effects of GLP-1 for the development of a clini-
cally useful drug, the short duration of action needed to 
be overcome.

Formulations of GLP‑1 with extended 
duration

The enzyme DPP-4 is responsible for the rapid inactivation 
of GLP-1, although some GLP-1 is also removed from the 
circulation by renal clearance and by the enzyme neutral 
endopeptidase [11]. DPP-4 is a proteolytic glycoprotein that 
removes the two N-terminal amino acids of small peptides 
when the second amino acid from the N-terminal side is 

Fig. 1  Schematic illustration of 
monoagonists, dual agonists and 
triple agonists based on GLP-1, 
GIP and glucagon receptor acti-
vation alone or in combination. 
This figure is available as part 
of a downl oadab le slide set

Exenatide, lixisenatide Liraglutide, dulaglutide, semaglutide Oral semaglutide

Short-acting subcutaneous          Long-acting subcutaneous                     Oral

Monoagonist

Triple agonistDual agonist Dual agonist

Glucagon receptor
agonism

Cotadutide, SAR425899

GLP-1 receptor
agonism

GIP receptor
agonism

Tirzepatide SAR441255, LY3437943

https://static-content.springer.com/esm/art%3A10.1007%2Fs00125-023-05929-0/MediaObjects/125_2023_5929_MOESM1_ESM.pptx
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alanine or proline [12]. In GLP-1, this amino acid is alanine 
(Fig. 3a) and therefore the N-terminal dipeptide is removed 
by DPP-4. This inactivates GLP-1 as an intact N-terminal 
end is required for binding to its receptor [13]. One strat-
egy for extending the half-life of GLP-1 was therefore to 
develop formulations of DPP-4-resistant GLP-1 receptor 
activators; this was usually achieved by replacing alanine 
in the second position with another amino acid other than 
proline. Other strategies have involved producing formula-
tions with increased binding to albumin through a fatty acid 

linker [14]; creating big complexes by fusing GLP-1 with 
molecules such as albumin [15] or immunoglobulins [16]; 
and forming microspheres by fusion of a GLP-1 receptor 
agonist with poly(d,l-lactide-co-glycolic acid) [17]. These 
larger molecules show reduced renal clearance as well as 
being DPP-4 resistant.

Exendin‑4‑based GLP‑1 receptor agonists The first GLP-1 
receptor agonist to be used clinically was the recombinant 
form of the peptide exendin-4, called exenatide. Exendin-4 

Fig. 2  The clinically most 
relevant mechanisms of action 
of GLP-1, glucagon and GIP. 
These provide the main basis 
for the actions of GLP-1 recep-
tor agonists and dual and triple 
receptor agonists in the therapy 
of type 2 diabetes and obesity. 
This figure is available as part 
of a downl oadab le slide set
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was isolated from venom produced by the perimandibular 
glands of the Gila monster (Heloderma suspectum) [18]. This 
peptide is a GLP-1 receptor agonist with a 53% similarity to 
GLP-1 (Fig. 3b). Exenatide is resistant to DPP-4 inactivation 
and has a half-life of approximately 2.4 h after s.c. administra-
tion. It was developed as a twice-daily therapy [19] and was 
approved by the US Food and Drug Administration (FDA) 
in 2005 and by the European Medicines Agency (EMA) in 
2006. It effectively reduces postprandial glucose levels owing 
to a marked inhibitory effect on gastric emptying, and it also 
reduces fasting glucose levels and body weight; however, its 
effects last for only a few hours. Therefore, a formulation of 
exenatide based on microsphere technology using fusion with 
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Fig. 3  Structures of formulations of GLP-1 receptor agonists [14, 15, 19–
21, 26]. (a) GLP-1, (b) exenatide, (c) lixisenatide, (d) efpeglenatide, (e) 
liraglutide, (f) semaglutide, (g) dulaglutide, (h) albiglutide. Amino acids 

are illustrated in circles; red circles show amino acids that are different 
from those in GLP-1. The red arrow in (a) illustrates the site of DPP-4 
inactivation. This figure is available as part of a downl oadab le slide set

poly(d,l-lactide-co-glycolic acid) was developed [17]. This 

form is administered once weekly and was approved by the 
FDA and EMA in 2011.

The second exendin-4-derived GLP-1 receptor agonist to 
be used clinically was lixisenatide. Lixisenatide is a modi-
fied exendin-4 in which proline has been deleted from the 
C-terminal end and six lysines have been added (Fig. 3c). 
These modifications increased the half-life to approximately 
3 h after s.c. administration, allowing lixisenatide to be 
developed as a once-daily injectable [20]. It was approved 
by the FDA and EMA in 2013. It is particularly effective 
at inhibiting gastric emptying and therefore reducing post-
prandial glucose levels [3]. However, as the effects do not 
persist over an entire 24 h period, its efficacy at lowering 
blood glucose levels and reducing body weight is lower 

https://static-content.springer.com/esm/art%3A10.1007%2Fs00125-023-05929-0/MediaObjects/125_2023_5929_MOESM1_ESM.pptx
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than that of GLP-1 receptor agonists with a longer duration 
of action [3].

Recently, an exendin 4-based GLP-1 receptor agonist 
with a long duration of action, allowing once-weekly admin-
istration, has been developed. Efpeglenatide is a modified 
exendin-4 that, through a mini-polyethylene glycol linker, has 
been conjugated to an  FC fragment of human immunoglobulin 
4 (Fig. 3d [21]). This compound has a half-life of approxi-
mately 5–7 days after s.c. administration owing to both DPP-4 
resistance and a delay in kidney removal because of its large 
size. It has gone through a development programme, including 
a cardiovascular outcomes trial, which have shown beneficial 
effects, but has not yet been approved [22].

GLP‑1 analogues as GLP‑1 receptor activators Most GLP-1 
receptor agonists in clinical use are GLP-1 analogues, that 
is, peptide formulations based on native GLP-1 and showing 
a high degree of similarity to native GLP-1.

The first GLP-1 analogue to be developed was liraglutide 
(Fig. 3e). In liraglutide, palmitate, which is a C-16 fatty acid, 
is coupled to amino acid 20 of GLP-1 through a gamma-
glutamate linker [14]. This modification reversibly increases 
binding to albumin, which results in protection of liraglutide 
from degradation by DPP-4 and reduces renal clearance. Lira-
glutide has a half-life of approximately 13 h after s.c. admin-
istration, which allows once-daily administration with activity 
throughout the 24 h period. Liraglutide was therefore the first 
long-acting GLP-1 receptor agonist with continuous efficacy 
over a 24 h period. It was approved by the FDA and EMA for 
clinical use in 2009 [23] and was also shown to have positive 
outcomes in a cardiovascular outcomes trial [22].

A similar technique was used for the development of 
semaglutide. Stearic diacid, which is a C-18 fatty acid, was 
added through a linker to amino acid 20 of GLP-1 and, in 
addition, the second amino acid in GLP-1 was changed from 
alanine to alpha-aminoisobutyric acid (Fig. 3f [14]). Sema-
glutide was shown to be effective at reducing glucose levels 
and body weight with once-weekly s.c. administration [24]. 
It was approved by the FDA in 2017 and by the EMA in 
2018. It was also shown to have positive outcomes in a car-
diovascular outcomes trial [22].

Another strategy to prolong the duration of action of 
GLP-1 receptor agonists is to covalently fuse them to a 
larger protein. In dulaglutide, two modified DPP-4-resistant 
GLP-1 molecules are each fused to a modified  FC fragment 
of human immunoglobulin 4 via a small peptide (Fig. 3g 
[25]). A similar modification was performed in albiglutide; 
in this case, two sequential DPP-4-resistant GLP-1 mole-
cules are fused with human albumin (Fig. 3h [15, 26]). Both 
dulaglutide and albiglutide have a long duration of action, 
which allows for once-weekly administration. They have 
both gone through extensive clinical programmes, including 
cardiovascular outcomes trials, and have shown beneficial 

effects [22, 26, 27]. They were approved for therapy by the 
FDA and EMA in 2014, although albiglutide was withdrawn 
from the market in 2018 for economic reasons.

Orally available GLP‑1 analogues A recent development has 
been the formulation of GLP-1 receptor agonists for oral admin-
istration. To date, the only oral GLP-1 receptor agonist available 
for clinical use is oral semaglutide. The formulation of oral 
semaglutide was achieved by coupling semaglutide to sodium-
N-[8-(2-hydroxybezoyl)-amino]caprylate (SNAC), which func-
tions as an absorption enhancer. SNAC raises the local pH in 
the stomach, which leads to higher solubility of semaglutide 
and protection from degradation by gastric acid. When the 
SNAC–semaglutide complex reaches the gastric epithelium, 
the lipophilic SNAC enters the cell membrane, which affects its 
fluidity, leading to rapid transcellular absorption of semaglutide 
[14, 28]. However, absorption is still low and ingestion of a 
14 mg tablet of semaglutide is required to achieve compara-
ble plasma levels to those achieved with 1 mg of the s.c. form 
[29]. Oral semaglutide is taken once daily and reduces  HbA1c 
levels to a significantly higher extent than DPP-4 inhibition or 
sodium–glucose cotransporter 2 (SGLT-2) inhibition and to a 
similar extent as liraglutide, whereas body weight is reduced 
by a significantly higher extent than by DPP-4 inhibition and 
liraglutide and to a similar extent as SGLT-2 inhibition [30, 31]. 
It was approved by the FDA in 2019 and by the EMA in 2020.

Differentiation between GLP‑1 receptor agonists The 
clinically developed GLP-1 receptor agonists have all been 
shown to have glucose-lowering effects. Of most importance 
are the stimulation of beta cell function, reduction of gluca-
gon secretion and delay in gastric emptying, which together 
lower fasting and postprandial glucose and  HbA1c levels; the 
induction of satiety with reduction in body weight; and the 
beneficial effects on cardiovascular risk, as evident from the 
cardiovascular outcomes trials (Fig. 2). The longer acting 
GLP-1 receptor agonists are more effective than the shorter 
acting forms at reducing  HbA1c and fasting glucose levels, 
whereas the shorter acting forms are more effective at reduc-
ing postprandial glucose levels [3]. The latter differentia-
tion depends on the sustained ability of short-acting GLP-1 
receptor agonists to delay gastric emptying by inhibiting 
gastric motility, as tachyphylaxia of this effect appears after 
long-term GLP-1 receptor agonism [3]. Furthermore, the 
smaller longer acting forms are more effective than the larger 
longer acting forms at reducing body weight [3], which may 
be due to the smaller forms more readily passing the blood–
brain barrier. All GLP-1 receptor agonists are safe in terms 
of cardiovascular outcomes, and liraglutide, semaglutide, 
albiglutide, dulaglutide and efpeglenatide have been shown 
to have cardiovascular benefits in cardiovascular outcomes 
trials [22]. GLP-1 receptor agonists are associated with 
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a minimal risk of hypoglycaemia because of the glucose 
dependency of the islet effects [32]. Furthermore, adverse 
events are rare, except for nausea and vomiting during the 
initial phase of therapy, and are similar between the GLP-1 
receptor agonists [3]. It may therefore be concluded that, as 
glucose-lowering therapy, semaglutide (both s.c. and oral 
forms) and dulaglutide have an advantage over the other 
GLP-1 receptor agonists in terms of lowering glucose; sema-
glutide (both s.c. and oral forms) has an advantage in terms 
of reducing body weight; and liraglutide, s.c. semaglutide 
and dulaglutide have beneficial effects on cardiovascular out-
comes. This provides the background to the recent recom-
mendations on the management of hyperglycaemia in type 
2 diabetes by the EASD and ADA [33].

Alternative strategies to harness 
the glucose‑lowering action of GLP‑1

Besides the production of formulations of GLP-1 receptor 
agonists with longer durations of action, other strategies for 
harnessing the glucose-lowering actions of GLP-1 have been 
developed. The most successful of these, and to date the only 
one that has reached the clinic, is DPP-4 inhibition.

DPP‑4 inhibitors (gliptins) Shortly after the demonstration 
that the enzyme DPP-4 is responsible for the rapid inactiva-
tion of GLP-1, the idea of inhibiting DPP-4 to prolong the 
duration of action of GLP-1 (and glucose-dependent insu-
linotropic polypeptide [GIP]) was put forward (reviewed in 
[34]). DPP-4 inhibition increases intact and active GLP-1 
(and GIP) levels after a meal and the levels remain elevated 
until the next meal. This results in effects secondary to both 
GLP-1 and GIP receptor activation, such as increased beta 
cell function and inhibition of glucagon secretion [35]. The 
levels of GLP-1 achieved are lower than the corresponding 
levels seen after administration of GLP-1 receptor agonists. 
Therefore, although DPP-4 inhibition reduces both fasting 
and postprandial glucose and  HbA1c levels, the effects are 
weaker than for GLP-1 receptor agonists, and they do not 
exhibit a body weight reduction effect, although they are 
body weight neutral. The first demonstration that DPP-4 
inhibition reduces blood glucose levels in type 2 diabetes 
was published in 2002 [36]. The first DPP-4 inhibitor, sitag-
liptin, was approved by the FDA in 2006 and by the EMA in 
2007; this was followed by approval of vildagliptin, aloglip-
tin, saxagliptin and lingaliptin [37]. Several other small mol-
ecules that inhibit DPP-4 have since been developed, such as 
gemagliptin, anagliptin and teneligliptin. DPP-4 inhibitors 
reduce  HbA1c levels and have a low risk of hypoglycaemia 
or other adverse events [38], except for a potential risk of 
hospitalisation for heart failure in the case of saxagliptin 
[38]. They were also shown to be safe in large cardiovascular 
outcomes trials but were not found to have cardioprotective 

effects [39]. Today, their use has increased worldwide and 
they have a major role in primary care as glucose-lowering 
therapy among older people [40].

Non‑peptide small GLP‑1 receptor agonists Recently, novel 
insights into the binding characteristics of the GLP-1 recep-
tor have allowed the development of non-peptide GLP-1 
receptor activators [41, 42]. These small molecules bind 
to the receptor, stimulate insulin secretion and cAMP pro-
duction in a glucose-dependent mechanism and also lower 
glucose in experimental models of diabetes in animals. A 
Phase I trial of the small non-peptide GLP-1 receptor agonist 
danuglipron in 98 patients with type 2 diabetes found that it 
had a similar glucose-lowering ability as the clinically used 
GLP-1 receptor agonists and was well tolerated during the 
4 week study period [43].

L cell secretagogues Stimulation of GLP-1 secretion from 
enteroendocrine L cells is another approach that may be 
able to realise the therapeutic potential of GLP-1, perhaps 
in combination with DPP-4 inhibition to prevent the inac-
tivation of the GLP-1 released. The regulation of GLP-1 
secretion both in humans [44] and at the cellular level [45] 
has been studied but, except for the finding that ingestion of 
whey protein as a preload 30 min before a meal augments 
the GLP-1 response, with clinical benefits for type 2 diabetes 
[46], it has been difficult to translate the knowledge gained 
into clinically relevant formulations. A trial of encapsulated 
glutamine, for example, failed to increase GLP-1 secretion 
in healthy participants or those with type 2 diabetes [47]. 
Newer approaches, such as activation of the Takeda G pro-
tein-coupled receptor 5 (TGR5; bile acid receptor) in L cells 
have shown more promise in experimental systems [48], but 
the results have not yet been translated to humans.

Glucagon

Glucagon is processed from its precursor, proglucagon, by 
prohormone convertase 2 and secreted from pancreatic alpha 
cells. The role of glucagon in maintaining glucose homeosta-
sis by increasing hepatic gluconeogenesis and glycogenolysis 
in response to low glucose levels has been exhaustively stud-
ied. The sustained action of glucagon causes hyperglycae-
mia, and glucose-mediated inhibition of glucagon secretion 
is impaired in patients with type 2 diabetes (see comprehen-
sive reviews in [49, 50]). Glucagon exerts its actions via the 
glucagon receptor, a seven-transmembrane receptor coupled 
to Gαs and  Gq proteins. The glucagon receptor is primarily 
expressed in the liver but also in the central nervous system, 
kidney, gastrointestinal tract and pancreas [49, 50].

In addition to its hyperglycaemic action, glucagon has 
been reported to activate lipolysis and inhibit lipogenesis 
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in the liver. For instance, the administration of glucagon 
receptor antagonists increased hepatic fat content and 
plasma concentrations of LDL-cholesterol in people with 
type 2 diabetes [51]. Furthermore, leptin receptor-deficient 
mice, a mouse model of obesity and diabetes, and people 
with endogenous glucagon deficiency (pancreatectomised 
individuals) treated with glucagon antisense oligonucleotide 
have increased hepatic fat [52, 53]. In addition, Gcgr−/− mice 
developed steatosis when fed a high fat diet [54]. These 
data suggest that inhibition of glucagon receptor signalling 
results in hepatic lipid accumulation. Consistent with this, 
the acute administration of glucagon decreased NEFA and 
triacylglycerol plasma concentrations and reduced hepatic 
triglyceride content in wild-type mice [54].

Glucagon has also been shown to promote satiety and to 
increase energy expenditure in both rodents and humans. 
The satiety effect of glucagon was blocked after discon-
nection of the hepatic branch of the abdominal vagus 
nerve [55]. At a central level, the anorectic effect of gluca-
gon is mediated by a hypothalamic pathway involving a 
PKA/Ca2+–calmodulin-dependent protein kinase kinase β 
(CaMKKβ)/AMP-activated protein kinase (AMPK)-depend-
ent mechanism [56]. The ability of glucagon to increase 
energy expenditure was first demonstrated in rats in 1960 
[57] and was subsequently confirmed in different species 
including humans [58], although one study reported that 
glucagon infusion over 72 h did not increase energy expendi-
ture in healthy individuals with overweight or obesity [59]. 
In clinical studies, the stimulatory effect of glucagon on 
energy expenditure is heterogeneous depending on feeding 
status (preprandial vs postprandial) and the mechanism by 
which this occurs is not known. Rodents can increase their 
energy expenditure via activation of brown adipose tissue 
(BAT). However, glucagon can stimulate energy expenditure 
in species with little BAT (adult dogs) or no BAT (pigs) 
activity. Therefore, it is accepted that glucagon may affect 

energy expenditure via BAT-independent mechanisms (for 
review see [60, 61]). Circulating fibroblast growth factor 
21 (FGF21) is also implicated in glucagon-induced energy 
expenditure, as mice lacking FGF21 are protected from this 
effect [62]. Whether this mechanism occurs in other species 
remains to be investigated.

Therefore, despite its hyperglycaemic action, glucagon 
triggers lipid catabolism and energy expenditure and reduces 
food intake (Fig. 2). These features support the rationale for 
using glucagon in combination with other gut hormones as 
described below.

Glucose‑dependent insulinotropic 
polypeptide

GIP is a 42 amino acid protein (Fig. 4b) that is secreted from 
K cells in the mucosa of the duodenum and jejunum and 
which also exerts its actions through a G protein-coupled 
receptor. GIP was originally reported to inhibit gastric acid 
secretion and was thus named gastric inhibitory polypeptide. 
As GIP became established as an incretin hormone potenti-
ating insulin release from beta cells in a glucose-dependent 
manner, it was renamed glucose-dependent insulinotropic 
polypeptide. The insulinotropic effect of GIP and GLP-1 is 
additive in healthy humans but is impaired in people with 
type 2 diabetes [61]. GIP also exhibits protective effects on 
the survival of pancreatic beta cells [63].

GIP has also been shown to have actions beyond its effect 
on insulin secretion (Fig. 2). It has been reported to modu-
late fatty acid metabolism but its role in this respect remains 
unclear. Some studies have shown that it stimulates lipogen-
esis and lipid uptake in adipose tissue and reduces lipolysis 
[64]. Consistent with this, whole-body GIP receptor defi-
ciency and GIP deficiency protect against obesity induced by 
long-term high fat feeding in mice [65, 66]. However, other 
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studies have reported that GIP may have lipolytic activity 
[67] and that GIP-overexpressing transgenic mice exhibit 
resistance to high fat diet feeding [68]. Furthermore, the 
activation of the GIP receptor also improved glucose metab-
olism in diet-induced obese mice without changing body 
weight or fat mass [69]. In line with this, activation of the 
GIP receptor in the hypothalamus (the brain GIP receptor is 
located in the hypothalamus and hindbrain) decreased food 
intake in diet-induced obese mice [70, 71]. These preclinical 
results were supported by genome-wide association studies, 
which have identified variants with reduced activity at the 
human GIP receptor locus that are associated with reduced 
BMI [72]. More recent studies have shown that GIP ana-
logues lead to weight loss, especially in combination with 
GLP-1 receptor agonists (reviewed in [71]). One such study 
showed that chronic daily administration of GIP analogues 
decreased food intake and resulted in body weight reduc-
tion in diet-induced obese mice without alterations in energy 
expenditure [73].

A recent elegant study also found that brain-Gipr knock-
out mice and humanised (h)GIPR knock-in mice with 
brain-hGIPR deletion showed decreased body weight and 
improved glucose metabolism [70]. In addition, acute cen-
tral and peripheral administration of acyl-GIP increased 
c-Fos neuronal activity in hypothalamic feeding centres and 
decreased body weight and food intake [70]. Thus, it appears 
that brain GIP receptor signalling plays a key role in the 
regulation of energy balance. These findings also indicate 
that, at least at the central level, agonism of the GIP recep-
tor exerts a catabolic action, suggesting that the reduction in 
body weight found in other studies after the administration 
of GIP receptor antagonists was not mediated by the brain.

Additional studies have demonstrated that combining GIP 
and GLP-1 receptor agonists is more effective at reducing 
body weight than using either individually. For instance, the 
co-administration of acyl-GIP and acyl-GLP-1 decreased 
body weight, food intake and fat mass to a greater degree 
than administration of either of the agonists alone [74]. 
Indeed, there are now several dual GIP/GLP-1 receptor ago-
nists in clinical development, including tirzepatide, which 
was approved by the FDA and EMA for the treatment of type 
2 diabetes in 2022.

Dual/triple peptides for the treatment 
of obesity and diabetes

Dual glucagon/GLP‑1 receptor co‑agonists The use of gluca-
gon in patients with type 2 diabetes might seem illogical 
because of its action of promoting hyperglycaemia. How-
ever, as described earlier, its favourable effects on lipolysis 
and energy expenditure while reducing food intake make it 

an attractive option, especially if combined with the insu-
linotropic action of GLP-1. Moreover, previous studies 
have indicated that oxyntomodulin, which binds to both the 
glucagon receptor and the GLP-1 receptor, increases energy 
expenditure and decreases energy intake [75]. In 2009, 
the first unimolecular gut hormone receptor co-agonist, a 
glucagon/GLP-1 receptor co-agonist, was discovered and 
validated in preclinical models [76]. Weekly administra-
tion of this molecule normalised glucose tolerance and adi-
posity in diet-induced obese mice. Body weight reduction 
was achieved by the reduction of food intake and increased 
energy expenditure [76]. These discoveries were later con-
firmed using a similar glucagon/long-acting GLP-1 dual 
receptor agonist; this peptide resulted in weight loss and 
had lipid-lowering and glucose-lowering effects in mice with 
diet-induced obesity, which were superior to the effects seen 
with a GLP-1 receptor-selective agonist [77].

Since the design and characterisation of these two com-
pounds, other GLP-1/glucagon receptor co-agonists have 
been generated and the results from some clinical trials have 
been published. SAR425899 and MEDI0382 (also named 
cotadutide) have undergone Phase II clinical trials [78, 79]. 
These co-agonists have been shown to reduce glucose levels 
and body weight in people with overweight/obesity and type 
2 diabetes, with nausea and vomiting the most frequently 
detected side effects (reviewed in [80, 81]). For instance, 
in a randomised, placebo-controlled, double-blind Phase 
I study of ascending single doses of cotadutide in healthy 
individuals with overweight, there were dose-dependent 
improvements in glucose excursions post meal within 24 h 
and food intake reduction after a single dose of 100 μg [82]. 
In addition, cotadutide was shown to be safe and, in com-
mon with the GLP-1 analogues, was associated with dose-
dependent gastrointestinal adverse events, especially nausea 
and vomiting [82]. In a combined multiple ascending dose 
and Phase IIa study in people with type 2 diabetes over 41 
days, daily doses of cotadutide up to 200 μg improved fast-
ing and postprandial glucose levels and reduced body weight 
compared with placebo [79]. In a separate follow-up Phase 
IIa study over 49 days, the mechanism of improved glucose 
metabolism was shown to be a combination of enhanced 
insulin secretion and delayed gastric emptying [83]. While 
SAR425899 has been discontinued, cotadutide is being 
evaluated in participants with non-cirrhotic non-alcoholic 
steatohepatitis with fibrosis because of its beneficial effects 
in animal studies [84].

Dual GIP/GLP‑1 receptor co‑agonists The discovery of the 
first GIP/GLP-1 receptor co-agonist was reported in 2013 
[74]. Its glucose-lowering and insulinotropic efficacy was 
superior to that of selective GLP-1 receptor agonists in diet-
induced obese and leptin receptor-deficient mice, as well 



1804 Diabetologia (2023) 66:1796–1808

1 3

as in monkeys and humans [74]. The subsequent develop-
ment of other GIP/GLP-1 receptor co-agonists confirmed 
these initial discoveries and the superior action profile of 
this drug class in obese rodents [85–87]. One of the more 
recent representatives of this drug class, and the one that 
has been shown to exert a superior effect to GLP-1 recep-
tor agonists in humans, is LY3298176/tirzepatide, a syn-
thetic linear peptide molecule containing 39 amino acids 
(Fig. 4c [88]). Tirzepatide binds with a higher affinity to the 
GIP receptor than the GLP-1 receptor. In receptor binding 
studies, the affinity of tirzepatide was comparable to that 
of native GIP for the GIP receptor and approximately five-
fold weaker than that of native GLP-1 for the GLP-1 recep-
tor [88]. In HEK293 cells expressing human GIP receptor 
or GLP-1 receptor, tirzepatide potently stimulated cAMP 
accumulation by both receptors, and the potency of tirze-
patide was similar to that of native GIP and approximately 
13-fold weaker than that of GLP-1 in these assays [88]. 
However, despite affinity, albeit lower, of tirzepatide for the 
GLP-1 receptor, tirzepatide had no effect on body weight, 
food intake, fasting insulin, endogenous glucose production 
and insulin-stimulated glucose uptake in skeletal muscle 
and subcutaneous white adipose tissue of GLP-1 receptor 
knockout mice [89].

Tirzepatide was approved by the FDA and EMA for the 
treatment of type 2 diabetes in 2022. Phase III trials were 
carried out as part of the SURPASS programme to inves-
tigate its therapeutic effectiveness (glycaemic control and 
body weight reduction) and safety/tolerability for the treat-
ment of patients with type 2 diabetes [90, 91]. Tirzepatide 
treatment was administered at three final doses (5, 10, 15 mg 
per week), with treatment initiated at 2.5 mg and the dose 
escalated every 4 weeks. These trials showed that tirzepatide 
reduced fasting plasma glucose and  HbA1c levels not only 
compared with placebo but also compared with the insulins 
degludec and glargine or semaglutide [90–92]. Interestingly, 
tirzepatide also markedly reduced body weight in patients 
with type 2 diabetes, which led to studies on its efficacy 
for the treatment of obesity in the absence of type 2 dia-
betes. Remarkably, tirzepatide (15 mg per week) reduced 
body weight by up to 20.9% after 72 weeks [93], which was 
associated with reduced waist circumference and an overall 
improvement in individuals’ clinical profile. The most com-
mon adverse events were nausea, vomiting, diarrhoea and 
constipation. These gastrointestinal side effects appear to be 
qualitatively similar to those reported in clinical studies of 
selective GLP-1 receptor agonists. There is also an ongoing 
cardiovascular outcomes trial of tirzepatide (SURPASS-
CVOT) in individuals with type 2 diabetes and cardiovascu-
lar disease [91], which, if successful, will broaden the use of 
tirzepatide to those with manifest or increased risk for CVD, 
as is the case for GLP-1 receptor agonists [22].

Triple GIP/GLP‑1/glucagon receptor co‑agonists The success 
of dual receptor agonists for the treatment of type 2 diabetes 
and obesity in clinical trials, including the approval of one 
such drug by the FDA and EMA (currently only for type 2 
diabetes), has prompted the search for new combinatorial 
approaches. The synergistic metabolic benefits of simulta-
neous modulation of glucagon, GLP-1 and GIP receptors 
through a single molecule were first discovered and vali-
dated in 2015 [94]. GLP-1, GIP and glucagon triple ago-
nism reduced body weight and blood glucose levels in diet-
induced obese mice to a higher extent than monoagonists 
and dual GLP-1/GIP receptor agonists [94]. Another triple 
receptor agonist named SAR441255 was later designed and 
tested in diet-induced obese mice, confirming the initial dis-
coveries reported in 2015 [95]. This triple receptor agonist 
exhibited a dose-dependent effect, decreasing body weight 
by up to 25% after 4 weeks of treatment. The safety, toler-
ability, pharmacokinetics and pharmacodynamics follow-
ing single ascending s.c. doses of SAR441255 were studied 
in lean to overweight individuals and, at the two highest 
doses tested (80 and 150 ug), fasting blood glucose levels 
reached a nadir within the first hour [95]. Single doses of 
SAR441255 up to 150 μg were well tolerated and the most 
frequent treatment-emergent adverse events were gastroin-
testinal disorders, as is typical with these compounds.

New triple receptor agonists have recently been designed 
and have shown a prolonged duration of action, supporting 
the possibility of once-weekly administration in humans. 
In one study these drugs decreased body weight in diet-
induced obese mice more potently and effectively than could 
be achieved with semaglutide, tirzepatide, GLP-1/glucagon 
dual receptor agonists and earlier triple receptor agonists, 
without affecting glycaemic control [96]. In a separate study, 
LY343794, another glucagon/GIP/GLP-1 triple receptor 
agonist, decreased body weight and improved glycaemic 
control in obese mice [97]. In a Phase I single ascending 
dose study in healthy participants, LY3437943 showed a 
similar safety and tolerability profile to that of other incretins 
and a reduction in body weight up to day 43 after a single 
dose [97]. This compound was further tested in people with 
type 2 diabetes and, at week 12, plasma glucose and  HbA1c 
levels decreased significantly from baseline at the highest 
doses [98]. Whether the clinical success of GLP-1/GIP 
receptor co-agonists can be surpassed by the triple receptor 
agonists remains to be shown.

Other hormone combinatorial approaches Other gut 
hormone-based combination pharmacotherapies have 
been designed and have shown beneficial effects in pre-
clinical models. The strategy employed has been to link 
GLP-1 or glucagon receptor agonists to nuclear hormones 
such as oestrogens, thyroid hormones and dexamethasone 
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(reviewed in [64, 96, 99]). For example, a GLP-1/oestra-
diol conjugate reduced food intake and body weight in 
different rodent models of the metabolic syndrome, dis-
playing greater efficacy than GLP-1 alone [100]; it also 
activated the insulin signalling pathway in beta cells, 
thereby restoring their function and leading to remission 
of diabetes [101]. In the case of thyroid hormones,  T3 was 
conjugated with glucagon to deliver  T3 specifically to the 
liver; this resulted in a reduction in body weight and cor-
rected dyslipidaemia in several mouse models of obesity 
[102]. Finally, dexamethasone was conjugated with GLP-1 
and this peptide induced weight loss in obese mice with 
a greater efficiency than GLP-1 alone [103]. Thus, the 
use of combination pharmacotherapy involving other mol-
ecules in addition to gut hormones seems to be a plausible 
approach to treating the metabolic syndrome. It should 
be noted that these unimolecular compounds have been 
tested only in preclinical models and have not been com-
pared with other dual receptor agonists such as tirzepatide; 
further studies should elucidate whether their action is 
superior to that of the clinically tested drugs.

Outlook and future perspectives

It is 30 years since the first demonstration of the glucose-
lowering effects of the gut hormone GLP-1 in people with 
diabetes [9]. This development has led to the introduction of 
several GLP-1 receptor agonists and DPP-4 inhibitors on the 
market [3], which are featured prominently in current recom-
mendations because of their effectiveness, safety and proven 
cardiovascular benefits [33]. GLP-1 receptor agonists have 
also shown success in other therapeutic areas apart from 
type 2 diabetes and obesity, in particular for non-alcoholic 
fatty liver disease [104]. At the same time, we are facing 
an exciting multifaceted future, with several novel develop-
ments on the horizon with the potential to change the clinic 
setting, including the development of oral GLP-1 receptor 
agonists and the emerging formulations of GIP receptor ago-
nists and dual and triple receptor agonists, which have shown 
clear therapeutic potential. The dual GIP/GLP-1 receptor 
agonist tirzepatide has already been approved and other dual 
receptor agonists are expected soon. The dual and triple 
receptor agonist formulations are also expected to undergo 
cardiovascular outcomes trials.

Other developments include the ending of patents for 
DPP-4 inhibitors, which began in 2022 for sitagliptin and 
which will follow for other DPP-4 inhibitors in the coming 
years. This will result in lower prices, which may result in 
increased interest in and use of these drugs. The landscape 
for guidelines and recommendations is also changing, with 
a higher emphasis on efficacy than before. Hence, in 2022, 
glucose-lowering efficacy and proven cardiovascular effects 

were important for the strong positioning of semaglutide, 
dulaglutide and tirzepatide in guidelines on the management 
of hyperglycaemia in type 2 diabetes [33], and a similar 
strong positioning of incretin therapy was seen in guidelines 
on primary care [39]. We can also expect more guidelines 
on weight management and management of kidney disease 
using incretin therapy, and clinical studies may show benefi-
cial effects of the early introduction of combination therapy 
on the long-term control of blood glucose levels.

In the future, the successful development of small mol-
ecule GLP-1 receptor agonists and therapy based on gluca-
gon and other gut hormones may provide a broader arsenal 
for the treatment of both hyperglycaemia and overweight. At 
the same time, increased knowledge of differences in drug 
response depending on phenotype or genetics may pave the 
way to more individualised therapy; studies on personalisa-
tion are now beginning to emerge, with a recent finding that 
genetic variations in the GLP-1 receptor, and also in arrestin 
B1, are important for the glycaemic effects of GLP-1 recep-
tor agonists [105]. The future therefore holds promise for gut 
hormone-based therapy in the context of both the develop-
ment of novel drugs and their inclusion in recommendations 
and guidelines.
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